Coal-formed gas reservoirs have been found in several depressions in Bohai Bay Basin. The gas was mainly generated by the Carboniferous-Permian coal measures, which are good source rocks. The exploration of coal-formed gas has a broad prospect. The main reservoirs of the coal-formed gas are Ordovician, Carboniferous-Permian, and Paleogene stratum. Coal-formed gas in the Bohai Bay Basin is chiefly composed of hydrocarbon gases. The percentage content of carbon dioxide is more than that of the nitrogen gas. The stable carbon isotope values of the hydrocarbon gases of different depressions and different reservoirs usually reversed. The reversed values of gas samples account for 52.1% of all the samples. Reversion values of the carbon isotope are mainly because of the mixing of gases from same source rocks but with different maturity. Among the three main reservoirs, coal-formed gas preserved in Paleogene stratum has the heaviest carbon isotope, the second is the gas in Carboniferous-Permian stratum, and the Ordovician gas possesses the lightest carbon isotope. Based on the analysis of the characteristics of carbon isotope of hydrocarbon gases in well Qishen-1 and the distribution of the Carboniferous-Permian coal measures, the gas of the well is derived from the high-matured Carboniferous-Permian coal measures.
INTRODUCTION
Bohai Bay Basin is located in the north-east part of China, covering about 20×10 4 km 2 . It is a fault-depression basin mainly formed in the Yanshan and Xishan periods, and it underwent multi-period tectonic movements on the base of north China platform. At present, Carboniferous-Permian coal-formed gas reservoirs have been found in six depressions in the Bohai Bay Basin (Fig. 1) . Most of the gas fields were found onshore, such as the Suqiao-Wenan gas filed of Jizhong Depression, Wenliu gas field and Machang gas field of Dongpu Depression, Kongxi oil and gas field (well Konggu 4, well Konggu 7) and Wumaying gas field (well Wushen-1) of Huanghua Depression, Gubei buried hill of Jiyang Depression, and the well Gaogu-4 of Linqing Depression (Dai, 1988; Qin et al., 1991; Zeng et al., 1998; Cheng, 2002; Wu et al.,2002; Liao et al., 2003; Peng, 2005; Lin et al., 2007; Jia et al., 2007; Yin et al., 2007; Wang et al., 2008; Jiang et al., 2008; Sun et al., 2009; Jiao et al., 2009; Jin, 2009a; 2009b) . Some coal-formed gas fields were found in the Bohai Sea, such as QHS30-1, BZ28-1 (Huang, 2001; Zhu et al., 2001; Wen et al., 2005) . The coal-formed gas fields are widely transversely and vertically distributed, and deeply buried. Geochemical characteristics of the coal-formed gas in Bohai Bay Basin are chiefly studied in this paper. 
CHARACTERISTICS OF CARBONIFEROUS-PERMIAN COAL MEASURES
Carboniferous-Permian is the most important coal forming period in north China (Dai et al., 2009) . The coal measures contain Benxi formation of middle-Carboniferous, Taiyuan formation of up-Carboniferous, and Shanxi formation, low and up-Shi Hezi formation of Permian (Liang et al., 2005; Sun et al., 2002) . The thickness range of the coal section is about 5~30 m, and the one of the dark mudstone is 50~250 m. Carboniferous-Permian stratum is a set of excellent gas source rock measures. In the period of the deposition of the Upper-Palozoic coal measures, the depositional environment of the whole Bohai Bay Basin was basically similar, and the lithological association and the thickness of the coal measures were also grossly similar (Li et al., 2008a; Wang et al., 2008) . Because of the influence of the Indo-China movement, especially the one of the Yanshan movement, large area of the Carboniferous-Permian coal measures suffered erosion. So, the coal-formed gas and the gas fields formed for the first time were hardly preserved. Only the depressions, where large areas of Carboniferous-Permian coal measures well preserved, can have the ability of generating gas for the second time, and preserving the coal-formed gas and gas fields. They could be the favorable exploration areas of looking for coal-formed gas at present (Dai, 2007) . The area of the Carboniferous-Permian coal measures is about 10×10 4 km 2 . The area, which can generate gas for the second time and occurs in the slope zones, low up lifts, and sags, is more than 5×10 4 km 2 . Therefore, the prospect of the coal-formed gas exploration is much broad .
COMPOSITION CHARACTERISTICS OF THE COAL-FORMED GAS 3.1. Hydrocarbon gases
Percentage content of the main components of the coal-formed gas in Bohai Bay Basin is presented in Figure 2 . Percentage contents of main components of coal-formed gas in Bohai Bay Basin (some of the data come from Wu and Yang, 2002; Peng, 2005; Lin et al., 2007; Jia and Rao, 2007; Yin et al., 2007; Wang et al., 2008; Jiang et al., 2008; Huang and Li, 2001; Wen et al., 2005; Li et al., 2008a; Jiang et al., 2005) .
Hydrocarbon gases dominate the main components of the coal-formed gas in Bohai Bay Basin. 80.6% of the gas samples have a percentage content of hydrocarbon gases of more than 95%, and gas samples with hydrocarbons gases content of less than 90% occupy only a small percent of the whole samples. The percentage content range of the methane is from 59.58% to 96.75%, and its main distribution range is from 85% to 95%. The average percentage content is more than 87%. Coal-formed gas samples with the methane percentage content less than 87% are mainly distributed in Suqiao-Wenan gas field and Baimiao gas field. The percentage content of the heavy hydrocarbon components is small, which is from 0.99% to 18.79%, and are mainly distributed from 2% to 10%. The dry coefficient of the coal-formed gas in Bohai Bay Basin varied significantly in different gas fields. The ratios of C 1 /C 1~4 is from 0.78 to 0.98 among different depressions. Most of the gas samples exploited in Qishen 1 well, Wenliu gas field, Hu Buzhai gas field and Gubei buried hill are dry gas, while gas samples found in Baimiao gas field and Suqiao-Wenan gas field are mainly wet gas. The distribution characteristics of dry coefficient among different gas fields indicate the differences of the type and the maturity of the organic matter of the different depressions.
Non-hydrocarbon gases
The non-hydrocarbon gases of the coal-formed gas in Bohai Bay Basin are mainly nitrogen and carbon dioxide, and nearly no other non-hydrocarbon gases are included.
The percentage contents of carbon dioxide vary significantly, from 0.12% to 37.50%, mainly distributing from 0.2% to 5% among different depressions (Fig. 2) . The one of carbon dioxide of well Banshen-6 in Huanghuai Depression is up to 37.5%, which is the biggest value in Bohai Bay Basin. The percentage content of the nitrogen changes from 0.06% to 3.32%, and mainly distributes from 0% to 2% (Fig. 2) . The percentage content of carbon dioxide is higher than that of nitrogen in most of the coal-formed gas samples, except a little part of samples in Suqiao-Wenan gas field.
CHARACTERISTICS OF STABLE CARBON ISOTOPE OF HYDROCARBON GASES IN COAL-FORMED GAS
Geochemical data of coal-formed gas in Bohai Bay Basin is displayed in Table 1 .
Carbon isotope values of methane of coal-formed gas are mainly distributed in a range from -38‰~-34‰; the values of ethane are from -26‰~-24‰, and propane is from -26‰~-24‰, and the values of butane are from -28‰~-22‰ (Fig. 3) . Both of the carbon isotopes of methane and ethane distribute in a wide range, while the carbon isotope distribution of propane and butane relatively concentrate. Obviously positive correlation exist between δ C 4 , respectively. The carbon isotopes become heavier with the increase of the number of carbon atoms, which indicates that ethane, propane and butane are of homologous (Fig. 4) .
Normal order of carbon isotope
The normal order of the carbon isotope is one of the important characteristics of hydrocarbon gases which derived from organic matter, and this feature is the symbol of primary hydrocarbon gases which did not experience secondary change (Dai, 1990; Dai et al., 1992) . On the basis of analysis of the coal-formed gas of 69 wells, carbon isotopes of gases in 33 wells are of normal order, which take up about 47.9% of the whole samples. This kind of gas is mainly distributed in Suqiao-Wenan gas field and deep depression zone of Bonan subsag (Fig. 5 ). Significant differentials exist between δ 13 C 1 and δ 13 C 2+ in the hydrocarbons, while the differentials among δ 13 C 2 , δ 13 C 3 and δ 13 C 4 are small. . Isotope value of ethane (δ 13 C 2 ) versus the one of propane (δ 13 C 2 ) and the one of butane (δ 13 C 4 ) and δ 13 C 3 versus δ 13 C 4 of the coal-formed gas in Bohai Bay Basin (some data's source is same to Fig. 2 ).
Geochemical characteristics of Carboniferous-Permian coal-formed gas in Bohai Bay Basin
Content (%) 
Non-normal order carbon isotope and reason
Gas of non-normal order carbon isotope takes up 52.1% of the samples from whole 69 wells, so non-normal order of carbon isotope is a common phenomenon of the coalformed gases in Bohai Bay Basin (Fig. 5) . Gas of which δ 13 C 2 >δ 13 C 3 are mainly exploited in the forth section of Shahejie Formation (Es 4 ) in Wenliu gas field. Gas of which δ 13 C 3 >δ 13 C 4 distribute in a wide range, and they can be found in different gas fields and different reservoirs. The reversal extent of δ 13 C 2 and δ 13 C 3 is less than 1‰ except two gas samples which are extracted from well Wen 69-9 and well Wen 23-11 in Wenliu gas field. The reversal extent of the former sample is 1.5 ‰, and the later is 1.4‰. The average reversal extent of δ 13 C 3 and δ 13 C 4 is 0.93‰, and most of the samples' reversal extent is smaller than 2‰. The biggest reversal extent of δ 13 C 3 and δ 13 C 4 is found in well Wen 23 in Wenliu gas field, which is up to 5.2‰. Reversed order of carbon isotope can be attributed to four reasons: (a) an admixture of organic and inorganic alkane gases; (b) an admixture of humic gas and sapropelic gas; (c) an admixture of gas from the same source rock but different stages of maturity or from different source rocks but the same type; (d) bacterial oxidation of some components of the alkane gas (Dai et al., 2003; Dai et al., 2008) . All of the hydrocarbon gases of the coal-formed gas fields are biogenic and He 3 /He 4 of the coalformed gas is about 10 -8 Feng et al., 2003; Wang et al., 2008) , which indicate that it is lack of the condition of mixing gases from biogenic source and abiogenic source.
The percentage content of the hydrocarbon gases decreases with the increase of the number of carbon atoms. This regulation would be disturbed if one or more than one kind of hydrocarbon gases experienced bacterial activities. The distribution of the percentage content of the hydrocarbons is normal in the coal-formed gas in Bohai Bay basin (There is only one exception in one sample of well Wen-31 in Wenliu gas field, in which the percentage content of butane is higher than the one of propane. However, the difference between the two kinds of hydrocarbons is very slight), and the depths of the gas reservoirs are deeper than 2500 meters. So, it was impossible for the hydrocarbon gases to experience bacterial oxidation.
The gases of Baimiao gas field were derived from different type of source rocks and both humic gas and sapropelic gas can be found in this gas field (Feng et al., 2003; He et al., 2002) . The gas of Suqiao-Wenan gas field mainly came from Carboniferous-Permian coal measures, and there was a very little part of the gas was generated by I -II 1 type of organic matter (Dai, 1988) . Besides, most of the gas samples of the two gas fields are wet gas. The mixing of humic gas and sapropelic gas is the reason of the reverse sequence of carbon isotope of the gas samples in Baimiao and Suqiao-Wenan gas fields. The admixture of gas from the same source rock but different stages of maturity caused the reverse sequence of carbon isotope of other gas fields.
Carbon isotope characteristics of hydrocarbon gases in different reservoirs
There are three main reservoirs of the coal-formed gas in Bohai Bay Basin, such as Ordovician stratum (Suqiao-Wenan gas field, Banqiao sag and Wu Maying gas field of Huanghua Depression), Carboniferous-Permian stratum (Gubei buried hill of Jiyang Depression and Gaogu 4 well of Linqing Depression), and Paleogene stratum (Qikou sag of Huanghua Depression, Wenliu gas field, Hu Buzhai gas field and Baimiao gas fied of Dongpu sag). Figure 6 presents the C 1~C4 carbon isotope distribution of the coal-formed gas of different reservoirs in Bohai Bay basin. In general, the carbon isotope value of the gas preserved in Paleogene is the heaviest, the value of the Carboniferous-Permian gas is the second, and the value of the gas in Ordovician is the lightest. Figure 6 . Distribution of carbon isotopes of coal-formed hydrocarbon gases in different reservoirs in Bohai Bay Basin (some data's source is same to Fig. 2) .
In Carboniferous-Permian reservoir, the carbon isotope of the well Bo-930 in Gubei burried hill is the heaviest (ethane -16.78‰, propane 16.5‰, butane 15.4‰), while the values of the Suqiao-Wenan gas field are very light. In Paleogene reservoir, the carbon isotope value of well Qishen-1 is the heaviest, for instance, ethane is -15.2‰; propane is -13.5‰; and the butane is -14.2‰. They are also the heaviest carbon isotopes of the coal-formed gas found in Bohai Bay Basin until present. The isotopes of the Hu Buzhai gas field is generally lighter than the ones of other gas fields, for instance, both the ethane isotope of well Wei-112 and the propane isotope are the lightest carbon isotopes among the gas samples in Paleogene reservoir. Methane's carbon isotope of the Bonan deep sag is the lightest, for example, the isotopes of the well Yi-121 and the well Boshen-5 both are -38‰. In Ordovician reservoir, the methane and ethane isotope of well Banshen-6 of Banqiao sag in Huanghua Depression is heavier than other gas samples, and the carbon isotopes of the well Tanggu-4 of Linqing Depression and the well Su-1-7 of Suqiao-Wenan gas field are lighter.
SOURCE ANALYSIS OF THE GAS IN WELL QISHEN-1
Well Qishen-1 is located in the east wing of the North Dagang buried hill of Qikou sag, Huanghua Depression (Fig. 1) . As discussed previously, the carbon isotope of the well Qishen-1 is exceptionally heavy. There are small differences among the isotopes of different sections of the well. The range of the isotope values of the methane is from -35.7‰~-32.7‰ , and the values of ethane are from -19.1‰~-15.2‰ (Guo et al, 2009 ). Comparing to the highly maturated Jurassic coal-formed gas of well Kela-2 in Kuche Depression, Tarim Basin, the isotope values of ethane of well Qishen-1 are similar to those of Kela-2, while the methane isotope values are lighter.
Ethane isotope has strong characteristics inherited from the source. Even though it is effected by the maturity stage of the source rocks, the effect is much smaller than the one that methane experienced. So, ethane isotope is the most common effective indicator differentiating the coal-formed gas and the oil type gas (Dai et al., 2005) . Dai Jinxing pointed many times that the ethane isotope of coal-formed gas is greater than -27.5‰ (Dai et al., 2002; 2005) . Wang Shiqian believed that the ethane isotope of the coal-formed gas is greater than -29‰, and the propane isotope is greater than -27‰ when he studied the coal-formed gas and the oil type gas in Sichuan basin (Wang, 1994) . Based on hydrous pyrolyses experiment of carbonate rock, mudstone, oil shale, and coal and many realistic examples, Gang Wenzhe (Gang et al., 1997) reported that the carbon isotope value of ethane of -29‰ can be taken as a criterion to determine the two types of gas which are sapropelic and humic natural gas, respectively. On another word, the carbon isotope of ethane for humic natural gas is greater than -29‰. According to the ethane isotope, the natural gas of well Qishen-1 is coal-formed gas.
Qikou sag is located in the middle area of Huanghua Depression. Based on the previous research results, the source rocks of Shahejie formation are types I-II 1 , mainly type II 1 , and the type I distributed partly (Yang et al., 2000; Wu et al., 2003) . The sapropelic organic matter of Shahejie formation could not generate gas of which the carbon isotope is so heavy in Qishen well, and the gas can only be derived from humic organic matter. Organic matter of types II 2 -III mainly distributed in the edge of the sag and the high area of the structure (Yang et al., 2000) . The gas of Qishen 1 well is exploited in Es 3 1 in the depth of 4823~5088m (Guo et al., 2009) . It is impossible for the gas derived from the source rocks of Shahejie formation, and it should be generated from the Carboniferous-Permian coal measures buried in the deeper part.
In the south part of the Huanghua Depression, the Upper-Palaeozoic stratum is well preserved with a sickness of 900~1200 m, while only about 400~600 m of UpperPalaeozoic strata was remained in the middle part of the depression (Liao et al., 2003) . Huanghua Depression consistently subsided during the Himalayas period. The buried depth of the Carboniferous-Permian coal measures increased markedly, and the depths of most areas exceeded 3500m. In the Qikou sag its depth exceeded 6000m (Zhu et al., 2001 ). There are Carboniferous-Permian coal measures distributed in Qikou sag, and they are buried in the depth that the organic matter has entered into a very high maturity stage. The gas of well Qishen-1 is a kind of high-over maturated gas that generated from the Carboniferous-Permian coal measures.
CONCLUSIONS
Coal-formed gas reservoirs have been founded in several depressions in Bohai Bay Basin, and the gas is chiefly preserved in Ordocician stratum, Carboniferous-Permian coal measures and Paleaogene strata. The coal-formed gas is mainly composed of hydrocarbon gases, and the percentage content of carbon dioxide is more than that of nitrogen. The stable carbon isotope of the hydrocarbons of different depressions and different reservoirs usually reversed. The main reason of the reversed gas is the admixture of gaes from the same source but different maturity stages. Coal-formed gas in Paleogene reservoir has the heaviest carbon isotope, the second heavier carbon isotope is the gas in Carboniferous-Permian measures, and the Ordovician gas has the lightest carbon isotope.
Through analysis of the characteristics of the carbon isotope and the distribution of the Carboniferous-Permian measures, it is determined that the gas in well Qishen-1 is a kind of high-over maturated gas that derived from Carboniferous-Permian coal measures.
